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Objectives The purpose of this study was to assess deformation dynamics and in vivo mechanical properties of the aortic
annulus throughout the cardiac cycle.
Background Understanding dynamic aspects of functional aortic valve anatomy is important for beating-heart transcatheter
aortic valve implantation.
Methods Thirty-five patients with aortic stenosis and 11 normal subjects underwent 256-slice computed tomography. The
aortic annulus plane was reconstructed in 10% increments over the cardiac cycle. For each phase, minimum
diameter, ellipticity index, cross-sectional area (CSA), and perimeter (Perim) were measured. In a subset of 10
patients, Young’s elastic module was calculated from the stress-strain relationship of the annulus.
Results In both subjects with normal and with calcified aortic valves, minimum diameter increased in systole (12.3 
7.3% and 9.8  3.4%, respectively; p  0.001), and ellipticity index decreased (12.7  8.8% and 10.3  2.7%,
respectively; p  0.001). The CSA increased by 11.2  5.4% and 6.2  4.8%, respectively (p  0.001). Perim
increase was negligible in patients with calcified valves (0.56  0.85%; p  0.001) and small even in normal
subjects (2.2  2.2%; p  0.01). Accordingly, relative percentage differences between maximum and minimum
values were significantly smallest for Perim compared with all other parameters. Young’s modulus was calcu-
lated as 22.6  9.2 MPa in patients and 13.8  6.4 MPa in normal subjects.
Conclusions The aortic annulus, generally elliptic, assumes a more round shape in systole, thus increasing CSA without sub-
stantial change in perimeter. Perimeter changes are negligible in patients with calcified valves, because tissue
properties allow very little expansion. Aortic annulus perimeter appears therefore ideally suited for accurate siz-
ing in transcatheter aortic valve implantation. (J Am Coll Cardiol 2012;59:119–27) © 2012 by the American
College of Cardiology Foundation
Published by Elsevier Inc. doi:10.1016/j.jacc.2011.09.045The challenges of transcatheter valve therapy have forced
structural heart specialists to rediscover the complex anat-
omy of the aortic valve in all its intricate details (1,2).
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2011, accepted September 13, 2011.Although much was known for centuries (3), insight
into the in vivo anatomy of the aortic valve complex—
unavailable from surgical or pathological inspection of a
non-beating heart—became possible only with modern
3-dimensional imaging techniques (4 –10). Importantly,
See page 128
sizing for transcatheter aortic valve implantation (TAVI),
unlike with surgical valve replacement, relies exclusively on
cardiac imaging. Accurate assessment of the target anatomy,
specifically the aortic annulus—its size, shape, and mechan-
ical properties—is paramount to avoid complications such
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lar leakage, or annular rupture
(10,11). In case of beating heart
procedures like TAVI, assessing
the dynamic aspects of functional
anatomy, such as potential time-
varying changes of the aortic an-
nulus throughout the cardiac cy-
cle, may be particularly important.
The purpose of the present
study was therefore to investigate
deformation dynamics and in vivo
mechanical properties of the aortic
annulus in patients with and with-
out calcified aortic valves and to
analyze the implications for the
clinical practice of TAVI. Specifically, the major hypotheses of
the study were as follows: 1) cyclic conformational changes of
the anatomic structures that form the annulus will generate
periodic variations in the degree of its ellipticity and thus its
cross-sectional area and diameters; 2) mechanical properties of
the annulus allow only minimal stretch under physiological
pressures (if any), particularly in patients with calcified valves;
and 3) aortic annulus perimeter will therefore, by continuity,
remain stable throughout the cardiac cycle, despite changes in
shape and area, and thus represents the most robust parameter
for accurate sizing in TAVI.
These hypotheses were tested in a cohort of candidates
for TAVI who underwent 4-dimensional computed tomog-
raphy and compared with findings in subjects without
evidence of cardiac disease.
Methods
Study population. The study group included 35 consecu-
ive patients with symptomatic severe aortic stenosis evalu-
ted with computed tomography (CT) before TAVI and 11
ubjects without evidence of cardiovascular disease, initially
eferred to CT angiography to rule out coronary artery
isease, who served as a control group (Table 1). The study
as approved by the local institutional review board.
cquisition protocol. All patients underwent CT angiog-
aphy for evaluation of aortic annulus, aorta, and the
liofemoral arteries before TAVI using a 256-slice system
Brilliance iCT, Philips Healthcare, Cleveland, Ohio). Data
ere acquired with a collimation of 96  0.625 mm and a
gantry rotation time of 330 ms. The tube current was 485
mA at 100 kV, the pitch value was 0.2, and the scan
direction was cranio-caudal.
Intravenous injection of 60 to 90 ml of nonionic contrast
agent (Iomeron 350, Bracco, Milan, Italy) at a flow rate of 5
ml/s was followed by a 30-ml saline chase bolus (5 ml/s).
Automated peak enhancement detection in the descending
aorta was used for timing of the scan. Data acquisition was
automatically initiated at a threshold level of 100 Hounsfield
Abbreviations
and Acronyms
CT  computed
tomography
CSA  cross-sectional area
ECG  electrocardiogram
EI  ellipticity index
LV  left ventricular
Max  maximum diameter
Min  minimum diameter
Perim  perimeter
TAVI  transcatheter aortic
valve implantationunits. Acquisition was performed during an inspiratory breath- Chold while the electrocardiogram (ECG) was recorded simul-
taneously to allow retrospective gating of the data. For assess-
ment of the aortic annulus, the 3-dimensional dataset of the
contrast-enhanced scan was reconstructed at 10% increments
over the cardiac cycle, generating a 4-dimensional CT dataset.
All images were reconstructed with a slice thickness of 0.67
mm and a slice increment of 0.34 mm.
Subjects in the control group were scanned (according to the
clinical indication) from the carina to below the diaphragmatic
face of the heart. Because of the increased susceptibility of younger
subjects to ionizing radiation, ECG-gated tube current modula-
tion was used to minimize radiation exposure.
Assessment of the aortic annulus. The complete dataset
was transmitted to a dedicated CT workstation (Philips,
Extended Brilliance Workspace, version 4.5) to allow for
multiplanar reformations. The aortic annulus was defined as
the virtual circumferential connection of the aortic leaflets’
basal attachments (virtual basal ring) (1,2). Accordingly, the
standard coronal and sagittal views were used for initial
orientation and definition of the lowest point of attachment
of the aortic leaflets (11) to generate double-oblique axial
images of the aortic annulus, as shown in Figure 1. The
following measurements were performed at each 10% phase
of the cardiac cycle (Fig. 1): Minimum diameter of the
aortic annulus (Min), maximum diameter (Max), cross-
sectional area (CSA), and perimeter (Perim). Ellipticity
index (EI) was calculated as the ratio of Max to Min. In
order to minimize measurement error, the aortic annulus
plane was reconstructed in 1 phase, and the same multiplane
reformations were used for measurements throughout all
other phases (with slight adjustments to account for motion
of the left ventricle during long-axis contraction, as
necessary).
Calculation of Young’s elastic modulus. In a subgroup of
10 patients, left ventricular (LV) pressure tracings before
TAVI were analyzed by dividing them into 10 equal
intervals between 2 consecutive R waves on the ECG. LV
pressures and perimeters at corresponding phases of the
cardiac cycle were related to derive the Young elastic
modulus. Because invasive pressure measurements and CT
could not be performed simultaneously, only patients whose
heart rate differed 10 beats/min between CT examination
and invasive pressure measurements, and whose systolic
Baseline Characteristics of Study PopulationTable 1 Baseline Characteristics of Study Population
Patients With Aortic Stenosis Normal Subjects
Age, yrs 80.1 7.4 56.2 11.8
Male 16 (46) 5 (11)
BMI, kg/m2 28.1 4.7 29.1 8.0
BSA, m2 1.86 0.25 1.87 0.22
CAD 12 (34) 0 (0)
Previous MI 7 (20) 0 (0)
Previous CAGB 6 (17) 0 (0)
Values are mean  SD or n (%).
BMI  body mass index; BSA  body surface area; CABG  coronary artery bypass grafting;
AD  coronary artery disease; MI  myocardial infarction.
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this analysis. The Young module is defined as the slope of
the tensile stress-strain curve in its initial linear portion (12):
E



F/A
L/L0
where E is the Young modulus,  is the tensile stress,  is
the tensile strain, F is the force applied through the
cross-sectional area A, and L/Lo is the length change of
an object as a fraction of its original length. For a
3-dimensional annular elastic element such as the aortic
annulus (Fig. 2), F is given by the distending force that
results from the LV pressure acting on its endocardial
surface area Ae. Substituting P  Ae for F yields:
LV pressure
Ae
A
Because Ae  2r  h and A  h  b, their common
Figure 1 Reconstruction of the Aortic Annulus by Computed To
Reconstruction of the aortic annulus from the sagittal (A) and the coronal planes
circumferential connection of the aortic leaflets’ most basal attachments in the re
(D), the perimeter (E), and the area (F) were performed in this plane.imension h cancels out:LV pressure
2r
b
or  LV pressure perimeter/b
For an annular structure, tensile strain is given by the
fractional change of the perimeter:
perimeter/perimeter0
When applied to the aortic annulus, E, the slope of the
tensile stress-strain curve, can therefore be determined as:
E



LV pressure  perimeter/b
perimeter/perimeter0
LV pressure, perimeter, and fractional perimeter change were
measured at each of the 10 phases. For annulus thickness b, the
thickness of the aorto-mitral continuity measured at 70% of the
cardiac cycle was used. Because E is the ratio of stress, which
has units of pressure, to strain, which is dimensionless, E has
units of pressure (MPa or GPa).
In normal subjects, in whom an invasively measured LV
raphy
ing double oblique multiplane reformations. The aortic annulus is defined as the
ucted axial plane (C). Measurements of the minimum and maximum diametermog
(B) us
constrpressure curve was not available, the slope of the stress-
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Aortic Annular Deformation Dynamics January 10, 2012:119–27strain relationship was determined from 2 points, at peak
systole (using the noninvasively determined systolic aortic
pressure at the time of the examination) and mid-diastole
(assuming a normal diastolic ventricular pressure of 10 mm Hg; all
normal subjects had a normal echocardiographic study,
including a normal transmitral flow profile and normal
diastolic tissue Doppler velocity curves).
Statistical analysis. Continuous variables are expressed as
mean  SD, and results are presented in box plot format
where appropriate. In order to account for the potential
confounding effect of variations in body size, measurements
of diameter, area, and perimeter were indexed for body
surface area. Differences between systolic and diastolic
values of parameters, as well as between the relative changes
of these parameters, were tested using Student paired t test
with Bonferroni correction for multiple comparisons. The
elastic modulus E was determined using linear regression
analysis, and the correlation coefficient r and its square (r2)
ere calculated for each regression. Differences in E be-
ween patients with aortic stenosis and subjects with normal
ortic valves were tested using the Mann-Whitney U test.
nterobserver variability was tested in 10 randomly selected
tudy subjects according to the Bland and Altman method
nd included new multiplane reconstructions. In addition,
ntraclass correlation coefficient was determined.
esults
igure 3 and Table 2 detail the observed changes of annular
ize and shape throughout the cardiac cycle: In both subjects
ith normal and with calcified aortic valves, there was a
ignificant and substantial systolic increase in Min (12.3 
.3% and 9.8  3.4%, respectively; p  0.001), with a
ignificant and substantial decrease in ellipticity (12.7 
.8%, p 0.002; and 10.3 2.7%, p 0.001, respectively).
ccordingly, CSA increased by 11.2  5.4% and 6.2 
.8%, respectively (p 0.001). Although the systolic in-
Figure 2 Aortic Annulus Modeled
as an Annular Elastic Element
Schematic of the aortic annulus modeled as an annular elastic element with
the height h, the thickness b, and the cross-sectional area A. Left ventricular
pressure (LVP) acting on the endocardial surface Ae generates the distending
force across A, which is the tensile stress .rease in perimeter also reached statistical significance (p .01) due to consistent behavior, this change (2.2  2.2%,
nd 0.56  0.85%, respectively) was quantitatively unim-
ortant and close to the range of inter-observer variability
or individual measurements.
Figure 4 shows that the relative percentage difference between
aximal and minimal values was indeed smallest for Perim
hen compared with Min, EI, and CSA, in both normal
ubjects (p  0.001, 0.019, and  0.001, respectively, after
onferroni correction) as well as patients with aortic stenosis
p  0.001 for all parameters after Bonferroni correction).
The Young module, calculated from the slope of the
ressure/perimeter change relationship of 10 patients with
alcified aortic valves, was calculated as 22.6  9.2 MPa,
nd in normal subjects it was estimated as 13.8  6.4 MPa
Fig. 5). Correlation coefficients r ranged from 0.52 to 0.93
r2 ranged from 0.27 to 0.87).
Interobserver variability and 95% limits (in parenthesis
ith identical units) were as follows: For Min, 0.06  0.45
m (–0.84, 0.96); for EI, 0.01  0.05 (–0.09, 0.11); for
Figure 3 Variation of Annular Dimensions
Throughout the Cardiac Cycle
Variation of annular dimensions throughout the cardiac cycle in normal sub-
jects (left) and patients with calcified aortic stenosis (right). From top to bot-
tom: minimum diameter (Min), ellipticity index (EI), aortic annulus cross-
sectional area (CSA), and perimeter (Perim).
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January 10, 2012:119–27 Aortic Annular Deformation DynamicsCSA, 2.1  12.2 mm2 (–22.3, 26.5), and for Perim, 0.19 
0.41 mm (–0.63, 1.01). Intra-class correlation coefficient
was 0.98 for Min, 0.90 for EI, and 0.99 for CSA and Perim.
Discussion
The present study demonstrates a predictable time variance of
aortic annulus size throughout the cardiac cycle. Aortic annulus
area increases from diastole to systole despite the fact that its
circumference remains virtually constant in patients with cal-
cified aortic valves and even in normal subjects increases only
slightly. The increase in area is therefore almost exclusively the
consequence of annular reshaping, not stretch: The ellipticity
of the annulus decreases significantly from diastole to systole
because of a significant increase in its anteroposteriorly ori-
ented minor diameter, whereas its mediolaterally oriented
diameter remains fairly constant.
Functional anatomy of the aortic annulus: valvular
interdependence. The underlying mechanism of this dy-
namic aortic annular deformation can be understood from
the functional anatomy of the left heart (Fig. 6). While the
right ventricle has a dedicated outflow tract (the infundib-
ulum), which is anatomically separated from its inflow by
the crista supraventricularis, the LV chamber has essentially
1 common aorto-mitral orifice at its base (1,2,13,14).
Consequently, the LV outflow, including the aortic annulus
at its end, is not a dedicated anatomical structure, but rather
marked out by surrounding boundaries. The structures
forming or supporting the aortic annulus, defined as the
virtual circumferential connection of the basal attachments
of the aortic leaflets (1,2), consist mostly of fibrous tissue.
This tissue extends posteriorly from the left fibrous trigone,
the aorto-mitral continuity, and the right fibrous trigone
into the membranous ventricular septum (anteriorly and to
the right); only the left anterior aspect of the annulus is
supported by myocardial fibers (1,2). Motion of fibrous
tissue is necessarily dictated by a passive response to changes
in pressure differences: in case of the aorto-mitral continu-
ity, pressure differences between left ventricle and left
atrium, and in case of the membranous septum, between the
left and right ventricle.
In systole, the increase in LV pressure above the level of
right ventricular and left atrial pressure will therefore act to
shift the membranous septum and the aorto-mitral conti-
nuity apart, thus increasing the anteroposterior diameter of
the annulus, which will become less elliptical (Fig. 6). The
increase in the minor axis diameter seemed to be predom-
inantly due to the motion of the aorto-mitral continuity, as
described experimentally using radiopaque markers (13,14).
In diastole, the LV pressure drop to levels below the left
atrial pressure (mitral opening) will act to reverse the shift of
the aorto-mitral continuity, decreasing the minor diameter
of the annulus, which will become more elliptical (Fig. 6).
These findings are in agreement with the recent in vivo
demonstration that the projected surface areas of normalM
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Aortic Annular Deformation Dynamics January 10, 2012:119–27aortic and mitral valves demonstrate coupled reciprocal
behavior throughout the cardiac cycle (15).
The observed dynamics of aortic annular deformation
during the cardiac cycle may confer important physiological
advantages: Because the material properties of the structures
that form the aortic annulus seem to allow only insignificant
stretch under physiological pressures, a desirable increase in
the cross-sectional outflow area during systolic ejection can
only be achieved through conformational changes. Because
for any given circumference a circular shape provides the
greatest area, the aortic annulus can increase its CSA by
assuming a more round shape through a posterior shift of
the aorto-mitral continuity. Conversely, the diastolic ante-
rior shift of the aorto-mitral continuity increases the ellip-
ticity of the annulus and thus decreases its CSA. This, in
turn, may act to reduce the wear force acting on the leaflet
attachments of the closed aortic valve (because force equals
pressure  area, the force acting on a closed aortic valve
Figure 4 Relative Percent Change of Aortic Annulus Dimension
Relative percentage difference between maximal and minimal values of aortic annulus
top to bottom: Perim, CSA, Min, and EI. Relative percentage changes were significant
Figure 5 Stress-Stain Relationship and Elastic Modulus of the
(A) Representative example of the stress-strain relationship of the aortic annulus
on the x-axis. The Young modulus E is determined as the slope of the regression
patients with aortic stenosis.with a smaller area of attachment will be smaller for any
given aorto-ventricular pressure difference).
The observed deformational dynamics of the aortic an-
nulus essentially reflect a “valvular interdependence” of the
aortic and mitral annulus, which are embedded within 1
common orifice, so that reciprocal changes of size and shape
of each element result from the pressure-sensitive motion of
its common aorto-mitral septum (aorto-mitral coupling).
Mechanical properties of the aortic annulus. Because the
aortic annulus is not a histologically distinguishable struc-
tural entity, but rather a functional anatomic composite, it
might be very difficult to determine its mechanical proper-
ties in vitro on a specimen. It seemed therefore most
appropriate to assess the elastic modulus of the annulus in
vivo using the very imaging technique used to define it. The
Young elastic modulus was therefore determined from the
relationship between invasive ventricular pressure measure-
ments and time-corresponding CT measurements of the
urements in normal subjects (A) and in patients with aortic stenosis (B). From
ller for Perim than for each of the other parameters. Abbreviations as in Figure 3.
Annulus
tient with calcified aortic stenosis. Stress () is plotted on the y-axis, strain ()
n. (B) Box plot diagram of the Young modulus estimated in normal subjects ands
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January 10, 2012:119–27 Aortic Annular Deformation Dynamicsannulus perimeter within the cardiac cycle. Although pa-
tients with calcified aortic valves showed a perimeter in-
crease (strain) of only approximately 0.6% (maximally 1.8%)
over a pressure range of 210 mm Hg, subjects with a normal
aortic valve showed an increase of 2.2% (maximally 6.8%)
over a lower pressure range (150 mm Hg). Consequently,
the calculated Young module yielded an average value of
approximately 23 MPa for patients with calcified aortic
valves and 14 MPa for subjects with a normal aortic valve.
These values are 60 times higher (patients with calcified
valves) and 35 times higher (normal subjects) than those
reported for soft tissues including muscle (0.3 to 0.4 MPa),
while being significantly less than for 100% collagen fiber
composites, load-bearing tendons (1 to 1.8 GPa), or cortical
Figure 6 Systolic and Diastolic Conformation
of the Aorto-Mitral Orifice
The top panel shows a schematic, the middle panel the aortic annulus plane,
and the bottom panel the mitral annulus plane. In systole (left), the aorto-
mitral continuity is bending toward the mitral annulus. As a result, the aortic
annulus anteroposterior diameter increases (blue double arrows, middle
panel), resulting in reduced ellipticity and a larger cross-sectional area. In dias-
tole (right), the aorto-mitral continuity is bending into the aortic annular plane.
A  aortic annulus; Ao  aortic; CS  coronary sinus; LFT  left fibrous tri-
gone; LV  left ventricle; M  mitral annulus; MS  membranous septum;
RFT  right fibrous trigone.bones (15 to 20 GPa) (16–18).The relatively high Young modulus indicates substantial
material stiffness. This explains why the systolic perimeter
increase (although consistently observed in the dataset and
thus statistically significant) was very small in normal
subjects and in patients with calcified aortic valves even in
the range of the method’s error for individual measure-
ments. This is consistent with most CT studies, which have
shown that neither circumference nor shape of the annulus
change significantly after implantation of the Core Valve
self-expandable transcatheter aortic valve (19). Even for the
balloon-expandable Edwards Sapien transcatheter aortic
valve, which is deployed with a pressure of 4 atm (3,040 mm Hg)
and forces the annulus to assume a rounder shape, no
significant increase in mean diameter was observed after
implantation (no perimeter measurements are available
from this study, mean diameter times  is an estimate of
erimeter) (20). The current data may indicate that the
nnulus cannot be strained significantly without tear, fur-
her stressing the importance of accurate sizing.
mplications for the clinical practice of TAVI. Sizing
onsists of accurately fitting device dimensions to those of
he target anatomy. The size of an aortic annulus with its
enerally elliptical shape cannot be accurately assessed by a
-dimensional measurement such as a diameter. Variation in
llipticity was substantial in the patient population, and reli-
nce on an anteroposterior diameter, typically estimated by
tandard echocardiography, may therefore be misleading, be-
Figure 7 Inter-Individual Differences
in Aortic Annulus Ellipticity
Comparatively round (left) and moderately elliptical (right) aortic annulus in 2 patients
with aortic stenosis who have the same minimum diameter, but substantially dif-
ferent annular sizes, as indicated by an 8-mm difference in perimeter.
126 Hamdan et al. JACC Vol. 59, No. 2, 2012
Aortic Annular Deformation Dynamics January 10, 2012:119–27cause variations in ellipticity may result in striking differences in
annular size for comparable anteroposterior diameters (Fig. 7).
The most suitable parameter of annulus size should
ideally be one that integrates its dimensions across the
whole 2-dimensional annular plane, is most stable through-
out the cardiac cycle, and is independent of its shape. The
present study demonstrates that aortic annulus perimeter
fulfills all 3 conditions: 1) it circumferentially integrates
annular diameters (mean circumferential diameter can be
easily obtained by dividing perimeter into ); 2) it shows
minimal variation during the cardiac cycle, because 3) it is
not affected by shape changes (in contrast to area) and
stretches only minimally under physiological pressures (rel-
atively high Young modulus). The data therefore unequiv-
ocally support the use of perimeter-based sizing for TAVI,
as also advocated by Piazza et al. (21) and Schultz et. al.
(10,19).
Study limitations. The accuracy of estimating Young
modulus may have been affected by nonsimultaneous mea-
surements of LV pressures and perimeters (simultaneous
measurements were neither feasible nor justifiable in this
clinical setting). In order to minimize the potential impact
of this effect, only data from patients who had comparable
hemodynamics at both examinations were used.
Calculation of the Young elastic modulus implies the
assumption that the strain observed is induced by the
stress measured and thus reflects purely (passive) material
properties. Although the anatomy of the aortic annulus is
generally compatible with this assumption, several qual-
ifiers are in place: 1) tethering forces of the contracting
muscular septum on the membranous septum may render
the latter less mobile than dictated by its intrinsic
material properties; 2) tethering forces resulting from
conformational changes of the ventricle and mitral annu-
lus during the cardiac cycle as well as the aortic root could
theoretically also affect annular motion; and 3) part of the
aortic annulus (its left anterior aspect) is supported by
actively contracting myocardial fibers. Consequently, the
Young modulus calculated in this study using a lumped
model approach should not be seen as a pure parameter of
intrinsic material properties, but rather as a useful quan-
titative expression of the effective stress-strain relation-
ship in vivo that is relevant to the clinical scenario.
Conclusions
Four-dimensional CT studies of the aortic valve complex
demonstrate dynamical conformational changes through-
out the cardiac cycle. The aortic annulus, generally
elliptic, assumes a more round shape in systole, thus
increasing cross-sectional flow area. In diastole, the
increase in ellipticity results in a reduced area encom-
passed by the leaflets’ basal attachments, reducing the
force acting on the closed aortic valve. Despite these
dynamic changes, aortic annulus perimeter variations are
very small in normal subjects and essentially negligible inpatients with calcified valves, presumably because tissue
properties allow very little expansion. Aortic annulus
perimeter appears therefore ideally suited for sizing in
TAVI.
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